Abstract. The Equatorial Daule and Babahoyo rivers meet and combine into the tidal Guayas River, which flows into the largest estuary on the Pacific coast of South America. The city of Guayaquil, located along the Guayas, is the main port of Ecuador but, at the same time, the planet's fourth most vulnerable city to future flooding due to climate change. Fluvial sedimentation, which has increased in the recent years, is seen as one of the factors contributing to the risk of flooding. The planning and design of effective mitigation measures requires a good understanding of the causes which have led to the current hazards.
. Map of the study area, covering the Gulf of Guayaquil, its estuary and the Guayas River. The map also includes the numerical grid of the Delft3D FM model. Tidal stations are indicated by circles, river gauging stations by triangles, while the area of interest is enclosed in the rectangle. The bathymetry is indicated as contour lines mapping depths every 5 m, with contour lines deeper than 100 m omitted from the map.
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The bed topography was obtained from the General Bathymetric Chart of the Oceans, (GEBCO, 2015) . The data set is provided in a 30 arc-second resolution grid. This resolution is suitable for describing the outer part of the Gulf of Guayaquil.
As bathymetry data were missing at a significant part of the inner estuary, a long-term morphological simulation was carried out starting from a flat bed in order to derive an input bed topography in equilibrium with the local hydrodynamic conditions in the estuary. The initial bed level is constructed following a common approach in 2D modelling of fluvial morphodynamics, also 5 applied by Van der Wegen and Roelvink (2012) to the Western Scheldt estuary in the Netherlands. Starting from a flat bed, in the area lacking topographic information, the model was forced until the formed channel-shoal patterns resembled the observed patterns in the areas where data were available. In particular, bed topography information was derived from a compilation of (Murray et al., 1976) determined the velocity field throughout the Gulf based on a field measuring campaign in October and November 1970. This information, which only included phase lags and velocities, is however rather local and schematized. Therefore, this information could only be used as general guideline for model validation.
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River discharges were obtained from the hydrological yearbooks, published between 1984 and 2012 by the Ecuadorian National Institute of Meteorology and Hydrology, (INAMHI, 1984 (INAMHI, -2012 . The discharges were converted into averaged monthly values, which were then used as input to the model. This allowed overcoming the issue with data gaps in the overall time series.
In the Babahoyo River, the existing gauges are located at the 4 main tributaries (H345, H348, H371, H390 in Figure 1 ). For simplicity, the total contribution from the 4 tributaries was prescribed at one single location in the model. In the Daule River, 20 river discharges were obtained from one single gauge (H365). A total of three river discharge hydrographs were defined at the Daule river and two at the Babahoyo river, and used as input to drive the simulations of corresponding cases:
-At the Daule River, a distinction was made between the average situation before and after construction of the DaulePeripa Dam in 1988. In addition, the situation during one representative El Niño event from 1997-1998, and including the presence of the dam, was considered.
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-At the Babahoyo river, only the average and the El Niño event conditions were simulated as no large dam is present at this river branch. Maximum discharges are observed between February and April, with the lowest discharges between August and October. The effect of the dam on the Daule river can be seen as a reduction in river discharge during the wet months January -May and an 30 increase during the dry months June -December. Significantly larger discharges, compared to averaged years, can be observed due to the El Niño events.
The estuary was assumed as fully mixed for its entire length and therefore the effects of density differences were disregarded. This is in agreement for example with Laraque et al. (2002 Daule-Niño (1997 -1998 ) Babahoyo-Niño (1997 -1998 According to Benites (1975) , the mean sediment grain size in the estuary ranges between 0.20 and 0.40 mm. Fine sands and silts can be found at the confluence between the Daule and Babahoyo rivers (USACE, 2005).
Numerical model
The process-based Delft3D FM (Flexible Mesh) was used in this study to simulate the coupled hydrodynamics, sediment transport and morphodynamic processes in the Guayas river (Kernkamp et al., 2011; Deltares, 2015) . Delft3D FM solves the 5 two-and three-dimensional shallow-water equations on an unstructured grid, based on the finite-volume method.
The model domain covers the entire Gulf of Guayaquil, from the edge of the continental shelf up to the upstream limit subject to tidal influence, approximately 50 km from the city of Guayaquil (Figure 1 ). Mosselman and Le (2016) argued that erroneous morphodynamic solutions may be obtained as a result of erroneous sediment input boundary conditions if boundaries are too close to the area of interest. In that regard, the 50 km distance between the area of interest and the boundaries is deemed The morphological boundary conditions were chosen such that the sediment input at the boundaries equals the transport capacity, and therefore the bed level at these locations experiences little to non-changes.
For simplicity, and due to the very limited available data, the Engelund-Hansen sediment transport formulation was used.
This formulation does not discriminate between suspended and bed-load transport. In that regard, a unique uniform mean sediment diameter equal to 0.30 mm was used in the model.
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Two main tuning parameters were used in the morphodynamic model to derive the starting bed topography for the simulation:
the secondary flow (E spir ), controlling the intensity of the spiral flow, and the bed slope parameter (A shld ) to account for bed slope effect on the transport direction (Table 1) .
In order to complete the simulation within an acceptable time frame, Roelvink (2006) suggested the introduction of a morphological acceleration factor (MorFac) to breach the difference between hydrodynamic and morphological time scales.
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For our study, a MorFac value equal to 15 was used (Table 1 ). In addition, input reduction techniques were used to schematize the hydrodynamic boundary conditions and couple them to the morphological acceleration factor. In particular, the tide was simplified to a mean "morphological tide" and the river discharges were scaled accordingly. The "morphological tide" concept is used to reproduce the same morphological changes as the complete tidal signal but using a shorter representative period (Lesser, 2009).
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Monthly-averaged river discharges were associated to the time-varying tidal signal, by using the morphological acceleration factor. In particular, each monthly discharge was simulated over the duration of 2 morphological tide periods (i.e., approximately 2 days). Therefore, MorFac was selected in such a way that the morphological duration of those 2 tidal periods would match the duration of one month river discharge (i.e., MorFac ≈ 15). 
Model schematization of different cases
The following cases were simulated each for a period of 6 years (Table 2) :
-Case 0. This reference case mimics the current state of the system. The discharge of the Daule river follows the hydrograph of the situation after the construction of the Daule-Peripa Dam ( Figure 2) . Additionally, the computational grid takes into account the width constriction along the Guayas River due to shrimp farm construction.
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-Case 1. In this case, the hydrograph and sediment input prior to the construction of the Daule-Peripa dam were simulated ( Figure 2 ).
-Case 2. In this case, the computational grid was modified in order to represent the situation prior to the reduction of intertidal areas by the development of shrimp farms. Additionally, the friction coefficient was increased to simulate the additional drag exerted by mangrove plants on the flow.
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-Case 3. In this case, it was assumed that, due to deforestation, the sediment load is 1.20 times the transport capacity of the rivers at the boundaries. The sediment yield due to erosion in the upper basin of the Guayas River has not yet been formally estimated.
-Case 4. In this case, the effects of El Niño were assessed based on the associated higher discharges at the Daule and Babahoyo rivers (Figure 2 ). 
Model calibration
The model calibration was carried out by tuning the Manning friction coefficient to reproduce the observed water level signals at the different tidal stations. This was done with the aid of OpenDA, which is a set of tools for data-assimilation and calibration of numerical models. The tool runs simulations varying the Manning friction coefficient until and optimum solution is obtained 
Reference situation (Case 0)
The propagation of the tidal wave can be visualized by mapping the co-tidal lines throughout the Gulf. In Figure 4 , co-tidal lines are mapped every 10 min while the colour scale represents the amplitude of the M 2 + S 2 component, which can be used as proxy of the tidal amplitude at spring tide. The figure shows that it takes about 90 minutes for the tide to propagate from the Guayas River estuary mouth (northern from the Puna island) up to the Guayaquil tidal station. Moreover, the irregular spacing between the lines reveals that the wave celerity is not uniform and increases as the tide propagates up the Guayas river.
At the same time, the tide is amplified as it propagates up the estuary, due to convergence of the banks and as the bathymetry becomes shallower (e.g. Savenije, 2006) . The maximum amplitude is found at the city of Guayaquil, at the confluence of the Daule and Babahoyo Rivers, where the tide is about twice as large as at the outer part of the Gulf. Along the Guayas River, the 5 amplitude increases from about 1.6 m to about 1.9 m.
The distortion of the tidal signal plays a determinant role in the net sediment transport of tide dominated areas. Whether a basin is flood-or ebb-dominant is determined by the magnitude of the maximum flood and ebb velocities respectively. In general, flood-dominance is enhanced by shallow estuaries, while ebb-dominance increases for deeper estuaries with large intertidal storage areas. There is a general feedback mechanism between tidal asymmetry and morphology. 2014). On the other hand, tidal asymmetry influences the morphological development through the residual sediment transport (Hoitink et al., 2017) .
A 24-hours record of water levels measured at Guayaquil gauging station during September 2015 is shown in Figure 5 .
The records show a longer falling period of approximately 7 hours compared to the rising period duration of 5 hours. This is an indication for the flood-dominant character of the estuary since shorter flood duration means that the maximum flood Residual currents can also be the result of river discharges. As one moves up the estuary, ebb currents become larger until the point where there is no longer tidal influence and change in flow direction. Hence, the impact of changes in river discharges on the morphology are expected to be more evident in the northern part of the Guayas River. Residual currents were plotted in 10 Figure 6 for both the dry and wet season. The plots were obtained by averaging the current velocity over the duration of a tidal cycle, when the river input is the weakest and strongest, during the dry and wet seasons respectively. For the dry season, the currents are directed upstream, in almost the entire length of the river, and they are stronger in the southern areas. During the wet season the situation is different, especially in the northern part of the river where the current direction reverts. Additionally, the magnitude of the upstream directed current is reduced.
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These results confirm that, although the tide is the governing mechanism for the flood-dominant character of the system, the tidal river is also sensitive to the riverine input, particularly at the confluence of the Daule and Babahoyo rivers . The changes in the residual current direction also imply a change in the residual sediment transport. These changes are especially noticeable in the zone near the confluence which can be considered as the most morphologically active zone of the Guayas River.
To determine the local sediment balance along the river, the domain was divided in 13 macro cells. The macro cells enclose 20 areas within which the yearly residual sediment transport has approximately the same magnitude and direction (Jeuken and Wang, 2010) . Erosion and sedimentation patterns at each cell as well as the sediment exchange between different cells were determined on a yearly basis as well as over the duration of the wet months (i.e. December to May) and dry months (i.e. or dm 3 /year). The overall sedimentation and erosion volumes for each macro cell are displayed as a bar plot.
Analysis of simulation cases
In this section, we analyse the results in terms of sediment transport and sediment balance for Cases 1 -5. The difference between the cases relates to river discharges, mean sea level, geometry of the estuary and coarse sediment load transported by the rivers. The first three aspects have a direct influence on the tidal dynamics that determine ebb-or flood-dominance:
the effects of residual currents, convergence of energy and friction. The last aspect has a direct implication for the amount The figures show that, on a yearly basis, the river is flood-dominant for most of the cases, except for the cases prior to the construction of shrimp polders ( Figure 9 ) and during El Niño events (Figure 11 ).
The influence of the Daule-Peripa dam is mostly noticeable during the wet season (Figure 8 ). Prior to its construction, the 10 unregulated discharges of the Daule river increased the effects of residual currents in downstream direction which, on a yearly basis, somewhat reduced the current flood-dominant character of the estuary.
Among the anthropogenic interventions, the construction of shrimp farms along the Guayas River had the largest effect on sedimentation ( Figure 9 ). The situation prior to the construction of these polders reveals how these interventions have led to a reverse in the direction of the residual sediment transport in most of the estuary, i.e., from ebb dominance to flood dominance.
Intertidal flats, which were present prior the construction of the polders, provided additional friction which slowed down the upstream propagation of the tide. Moreover, when tidal flats were present, additional volumes of water could flow upstream during high tide (i.e. larger tidal prism). For continuity, the same volume of water had to flow downstream at ebb tide, further increasing downstream flow velocities and therefore the tendency towards ebb dominance of the river. This is shown in Figure 9 5 by an overall increase in net erosion at most of the macro cells or a decrease in net sedimentation and sediment export towards downstream direction. Figure 10 shows the results for enhanced sediment supply at the upstream river boundaries. These results are virtually the same as the results for the reference situation shown in Figure 7 . Within the 6 simulated years, the sediment overloading produced only some riverbed aggradation close to the upstream boundaries, indicating that it would take a very long time The large river discharges associated with El Niño have a significant effect on promoting ebb-dominance ( Figure 11 ). This is a direct consequence of the enhanced seaward residual transport that stems principally from the river discharges during the wet season. The effect is more prominent in the upstream part where the riverine influence is larger. Sedimentation is promoted 20 particularly in the middle sections 3 and 5, with erosion in the upper part, before the confluence of the Daule and Babahoyo rivers.
Sea level rise basically increases the water depths throughout the estuary (Figure 12 ). This reduces bottom friction, which favours the upstream propagation of the high tide and hence promotes flood-dominance. Compared to the reference case, the sediment balance exhibits a more flood-dominant character. As a result, sedimentation at the confluence of the Daule and
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Babahoyo rivers (macro cells 6, 7 and 8) increases too. 
Discussion
For clarity, discussion points have been grouped under three main topics.
Data availability and uncertainties
A major factor of uncertainty relates to the availability of data for model input and calibration. The most prominent lack of data regards bed topography data along the river and its estuary, to be used for the reference situation as well as for assessing 5 morphological changes in time at the different macro-cells. For this reason, the initial bed topography was derived from a long-term morphological simulation, starting from a flat bed. The resulting bed levels were then validated with measured data at locations at which data were available.
Another major factor of uncertainty relates to the very limited information on the sediment type along the estuary and possible changes in sediment composition, which resulted from past interventions, natural events (e.g. El Niño events) or 10 climate change.
Sediment type and morphological evolution
Our analysis only considers sediment transport as total load, i.e. it does not discriminate between suspended and bed-load transport. Such a distinction could be important at small scales, but is not required at larger scales. Ignoring the difference between the two modes of transport is appropriate here, because the adaptation lengths for transport of the bed material (sand) in suspension are smaller than five times the grid size, i.e. smaller than 5 x 80 m = 400 m (Galappatti and Vreugdenhil, 1985; Mosselman, 2005) .
Contrary to the dependence of the transport of coarser bed material on flow strength, the transport of fine sediment depends on the sediment production of the upstream basin. This washload does quickly affect sediment concentrations at large distances downstream, but it is too fine for having any effect on the morphological evolution of the Guayas River. Yet it could lead to 5 deposition in relatively stagnant flow, such as in storm sewer outfalls, and in estuaries further downstream where fine sediment particles may flocculate in contact with higher salinity. We did not study sediment processes in the estuaries, but limited our study to the morphological development of the Guayas River.
The local erroneous attribution of sedimentation in the Guayas River to upstream deforestation fits in a wider pattern of perceptions and believes regarding the root causes of sedimentation in different rivers around the globe. Examples include 10 sedimentation by water abstraction (e.g. Indus River in Pakistan), backwater effects at low discharges (e.g. Magdalena River
at Barranquilla in Colombia), backwater effects due to rapid sea level rise (e.g. rivers discharges into the Caspian Sea) or unstable bifurcations and avulsions in deltas and megafans (e.g. Taquarí River in Brazil, Makaske et al. (2012) ). Notwithstanding potential local benefits, reforestation often will not bring the benefits presumed from mitigation of sedimentation far downstream. 
Long-term morphological changes
In the study, the effect of past interventions, natural events or climate change on the sediment transport and erosion/depositions patterns along the estuary have been simulated through a scenario analysis. In particular, the computed sediment budget are representative of the direct (initial) effects which will result from these interventions (i.e. morphostatic approach). It is important to realize that these changes in reality will result into morphological adjustments of the entire estuary in the longer 20 term.
Conclusions
We analysed the sediment transport and morphological development of the Guayas River as a result of past interventions, natural events and climate change by means of a process-based numerical model. The picture arises that the sediment balance around Guayaquil is governed by sand import from downstream, owing to the flood-dominant character of the tide, and periodic 25 flushing out of this sand by river floods. This balance has been disturbed in two ways. First, reclamation of intertidal areas for shrimp farming has made the tide more flood-dominant. This has increased the sand import from downstream. Second, flow regulation at the Daule-Peripa Dam has decreased the discharges during floods, thus decreasing the periodic flushing. The combined effect has produced stronger river sedimentation at the city of Guayaquil. Contrary to local perception, upstream deforestation has no effect on this. At most, it might have enhanced the deposition of fine sediment in connected stagnant
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water bodies, such as storm sewer outfalls, and in the estuaries further downstream. This deposition, however, was outside the
